To (a) compare the performance of full-field digital mammography (FFDM), using hard-copy image reading, with that of screen-film mammography (SFM) within a UK screening program (screening once every 3 years) for women aged 50 years or older and (b) conduct a metaanalysis of published findings along with the UK data.
R
andomized controlled trials have shown that screening mammography reduces breast cancer mortality, largely through its ability to depict subtle soft-tissue masses and microcalcifications that may represent early breast cancer (1, 2) . These trials were based on the use of screen-film mammography (SFM). Mortality has not been assessed for other screening modalities; rather, reliance has been placed on surrogate end points such as breast cancer detection rates, recall rates, and tumor characteristics (eg, size and stage) at diagnosis.
Full-field digital mammography (FFDM) was approved by the U.S. Food and Drug Administration in 2000, but its incorporation into screening mammography programs has been slow. Fewer than 10% of mammography units in the United States were digital in 2006 (3) and in the United Kingdom, where most mammographic screening takes place within the National Health Service Breast Screening Programme (NHSBSP), the move to FFDM has been even slower. Major obstacles to FFDM include the high cost of the units and of archiving facilities and the logistics of converting from analogue to digital systems. In the United Kingdom, most screening takes place in mobile units that move around catchment areas, with film being developed and images read at the base hospital.
Authors of previous studies have attempted to compare FFDM to SFM, but few have done so within an operational national screening program. The new purpose-built Breast Unit at St Bartholomew Hospital (London, England), which houses the Central and East London Breast Screening Service (CELBSS), was the first NHSBSP unit in the United Kingdom to be equipped with FFDM units in 2005, although thus far it has not been possible to implement soft-copy image reading in the screening setting.
The aim of our study was to compare the performance of FFDM, using hardcopy image reading, with that of conventional SFM within the context of a UK mammography screening program for women aged 50 years or older (two-view mammograms obtained once every 3 years). In addition, a systematic literature review on the performance of FFDM relative to that of SMF, along with the new UK data, was conducted to summarize the available evidence.
Materials and Methods

CELBSS Study
The CELBSS is covered by the general ethical approval of the NHSBSP. Our study complied with the UK National Health Service Central Office for Research Ethics Committee guidelines. Informed patient consent was not considered necessary as this retrospective analysis was carried out after data anonymization.
The NHSBSP is a population-based screening program that began in 1988 and offers two-view mammography once every 3 years to women aged 50 -70 years. Women older than 70 years can self-refer every 3 years. The CELBSS, one of the regional NHSBSP centers, has an eligible population of 120 000 women. The program is quality assured according to NHSBSP guidelines (4) , with an average standardized detection ratio of 1.25 in 2006-2007 . Uptake is, however, relatively low across this deprived urban inner-city area (uptake is 50% compared with the national minimum target of 70%).
A total of 40 198 screening examinations in 39 651 women were performed by the CELBSS between January 1, 2005, when FFDM was first implemented, and June 30, 2007. The majority of screening examinations were performed in two mobile units, each equipped with an M-IV mammography unit (Lorad, London, England). The remainder of the screening examinations were conducted in a static unit at St Bartholomew's Hospital, which has four FFDM units: three Senographe DS units (GE Healthcare, Slough, England) and one Selenia unit (Lorad). The screening location, and thus modality, was mainly influenced by residential area, since women are invited for screening according to the location of their general practitioner's practice. A small percentage of women (eg, those with special needs or implants) are preferentially invited for screening at St Bartholomew's Breast Unit, and those working nearby can request to be screened in this unit.
Advances in Knowledge
Ⅲ In a UK routine population-based screening program for women aged 50 years or older (screening every 3 years), full-field digital mammography (FFDM) using hard-copy reading performed as well as screen-film mammography (SFM) in terms of breast cancer detection rates, recall rates, and positive predictive value (PPV) of an abnormal mammogram. Ⅲ A meta-analysis of data from seven published studies, together with those from our UK study, was consistent with FFDM having detection rates at least as high as those for SFM, with no clear modality differences in recall rates or PPVs.
Implication for Patient Care
Ⅲ Digital mammography with hardcopy reading performs, in terms of process measures, at least as well as conventional screen-film mammography for breast cancer screening.
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All mammography units have comparable focal spot size and grid and are subjected to rigorous quality control procedures as specified in the NHSBSP (4) and European quality assurance guidelines (5) . Images obtained at the mobile units were processed at the base unit. Reading of the SFM film images and hard-copy reading of the FFDM images took place with the same multiloaders and with the same viewing conditions. For the first 18 months, the optimized postprocessed images ("Premium View" from Senographe DS units; GE Healthcare) could not be printed, but a software upgrade rendered this possible starting in June 2006. Thus, the unoptimized images were read for the first 18 months. Images from the FFDM screening examinations were printed with an 8900 laser hard-copy unit (Kodak, Hemel Hempstead, England) (38.75-m laser spot size, 650 dpi resolution).
Each SFM and FFDM image was read by two of six radiologists (a pool of six possible readers: S.V., N.P., and four nonauthors), all but one of whom had more than 10 years of experience in breast screening, reading a minimum of 5000 screening [6] ); location, type, and size of lesion; radiologic characteristics of lesion; and degree of radiologic suspicion (R1 ϭ normal; R2 ϭ benign; R3 ϭ atypical; R4 ϭ suspicious; R5 ϭ highly suggestive of malignancy). In UK and European practice, the R3 category prompts assessment rather than early recall (5) .
Standard logistic regression models (7) were fitted to assess the association of screening modality with the probability of detecting breast cancer while adjusting for age, ethnicity, area of residence, and type of referral. To account for within-woman correlations, observations from a single woman were treated as a cluster, with 95% confidence intervals (CIs) computed by using robust standard errors and Wald tests used to assess associations. Similar logistic regression models were used to compare recall rates, positive predictive values (PPVs) of an abnormal mammogram, and binary tumor characteristics between the two screening modalities (the latter restricted to cases). Tests for interaction were performed to investigate whether the effect of screening modality on cancer detection, recall, and PPV differed by age at screening or screening round. Analyses were conducted by using statistical software (Stata, version 10; Stata, College Station, Tex).
Systematic Review
A computerized search was conducted by using PubMed, MEDLINE, and EMBASE to within relevant articles and reviews were searched to identify further publications. Each publication was checked to see if it was a reanalysis or a subset of another eligible study and, if so, only the larger study, or constituent studies, where the data were displayed most appropriately were included to avoid duplication. Each eligible publication was independently reviewed by two of the authors (S.M.P.P., statistician; I.M.d.S.S., epidemiologist). Study-specific modality differences (with 95% CIs) in process indicators were estimated if not provided in the original publication; differences in PPV from paired studies were calculated by using the methods outlined by Moskowitz and Pepe (8) . Researchers from two studies (9,10) were contacted to obtain additional data, but additional data could no longer be retrieved for one of these studies (9) . Forest plots were used to visualize study-specific estimates. Heterogeneity between studies was assessed by using a 2 statistic (Q) with inverse variance weights. The percentage of total variation between studies that was caused by heterogeneity rather than chance was quantified as I 2 (11) . Random effects models were used, if appropriate, to combine study-specific estimates (12) overall and stratified by study type and prespecified age groups (Յ60 and Ͼ60 years, or as close to these as possible). Study size effects were assessed by using funnel plots and the Egger test (12) .
Results
CELBSS Study
A total of 39 651 women underwent 40 198 screening examinations (546 women underwent more than one screening examination because of their moves between general practitioner practices). The median age at screening was 58.0 years (interquartile range: 53.5, 63.5 years). Relative to women in the SFM group, those in the FFDM group were more likely to be younger, Caucasian, and self-referrals (Table 1) .
A total of 263 cancers were detected in the study population (0.65 per 100 screening mammograms). The crude detection rate was slightly higher for FFDM than for SMF (0.68 vs 0.65 per 100 screening mammograms, respectively), but after adjustment for age, ethnicity, type of referral, and area of residence there was no evidence of any difference in detection rates between the two screening modalities (Table 2) . Similarly, there were no differences in detection rates between FFDM and SFM in analyses stratified by age at BREAST 
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screening and no evidence that these comparisons varied by age (P ϭ .54 for interaction; Table 2 ) or screening round (ie, incident vs prevalent; P ϭ .60 for interaction). The overall recall rate was 4.5% and did not differ by screening modality, either before or after adjustment for potential confounders (Table 2 ). There was also no evidence that the effect of screening modality on recall rates varied according to age at screening (P ϭ .49 for interaction).
In total, 1810 women were recalled for further assessment and 263 cancers were detected and histologically confirmed, yielding an overall PPV for an abnormal screening mammogram of 14.5%. There was no difference in PPV by screening modality, either before or after adjustment for potential confound-
Figure 2
Figure 2: Detection rates by screening modality. (a) Study-specific detection rates for SFM (black) and FFDM (gray), overall and by age at screening (when available), by study design. PM ϭ pre-or perimenopausal. (b) Study-specific and pooled modality differences in detection rates, by study design. (c) Study-specific and pooled modality differences in detection rates, by age at screening. No estimates were available for Yamada et al (9) , as no cancers were diagnosed. For Skaane et al (10) , 2005, cancer detection rates are based on initial reading sessions and number of cancers diagnosed in the initial round, interval, and subsequent screening round. For Pisano et al (19, 23) data are also presented for certain population subgroups defined by age, menopausal status, and breast density. Area of black squares in b and c is inversely proportional to the variance (on the log scale).
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Review of the original screening mammograms for the 263 detected cancers showed no associations between screening modality and BI-RADS mammographic density (Table 3 ). There were also no associations between screening modality and type of mammographic lesion, likelihood of it being visible on both standard views, its location, or radiologic characteristics. There was no difference between the two modalities in the proportion of detected tumors that were invasive or in the distribution of their histologic grades. The average invasive tumor size was slightly larger for tumors detected with FFDM, but after adjustment for potential confounders, the difference was only of borderline statistical significance (difference of 3.45 mm [95% CI: Ϫ0.07 mm, 6.97 mm]; P ϭ .054).
Systematic Review
The search identified 189 publications (Fig 1) ; 124 were on digital mammography only and 52 were not eligible. Of the remaining 13 publications, one was on a study performed in a diagnostic population (13) and in four (14) (15) (16) (17) , the study population overlapped with that in other eligible publications. Thus, data from seven studies extracted from eight publications (9, 10, (18) (19) (20) (21) (22) (23) , along with our UK study, were included in the review (Fig 1; Table 4 ). Four studies (9, 10, 18, 19) had a paired design, that is, the same group of women underwent screening with both modalities, one study (20) was a randomized controlled trial, and two studies (21,22)-plus our study-had a cohort design (although some included only baseline data in their analyses). All studies, except one (9), used two standard views of each breast with each screening modality. Only our study and two others (9, 19) used FFDM with hard-copy image reading, although this was only partial for one of the studies (19) (Table 4) . Two studies (18, 19) used single reading, five studies (9, 10, 20, 22) , including ours, used double reading (three with consensus [10, 20, 22] and one with arbitration by a third reader [our study]), and one study (21) used double reading with single-reader recall; however, in the latter study (21) , as in our study, the two readings were not independent. In some studies, prior mammograms and history details were available either at the initial reading (18, 21) or at the consensus meetings (10, 20, 22) . The length of follow-up varied, with two studies (10, 20) including interval cancers as well as cancers detected in the subsequent screening round, while some cohort studies included only baseline data. Figure 2a shows study-specific detection rates for SFM and FFDM at all ages, and by age group whenever available in the original publication. Detection rates tended to be lower in the two U.S. studies and, as expected, in the younger age groups. Figure 2b shows study-specific and pooled modality differences in detection rates; there was no evidence of study size effects (Egger funnel plot asymmetry test, P ϭ .85). The overall pooled estimate was consistent with FFDM having a higher detection rate than SFM (pooled FFDM-SFM difference, 0.04 [95% CI: Ϫ0.03, 0.11] per 100 screening mammograms, equivalent to FFDM depicting an extra four cases of breast cancer per every 10 000 screening mammograms), but with evidence of some heterogeneity between study types (I 2 ϭ 40%) (Fig 2b) . Analyses stratified by age showed higher FFDM detection rates at 60 years or younger (equivalent to FFDM depicting an extra 11 [95% CI: 4, 18] breast cancer cases per every 10 000 screening mammograms) with no between-study type heterogeneity (I 2 ϭ
Figure 3
Figure 3: Study-specific recall rates by screening modality (black ϭ SFM, gray ϭ FFDM) by study design. For Pisano et al (19) , recall rates are those reported for the BI-RADS scale.
BREAST IMAGING: Full-Field Digital versus Screen-Film Mammography Vinnicombe et al 0%) (Fig 2c) . Pooled estimates at older ages were more difficult to interpret owing to fewer and smaller studies. The only study (19, 23) to have compared the two modalities simultaneously by age, menopausal status, and breast density did not find any differences except that FFDM yielded higher detection rates among pre-and perimenopausal women younger than 50 years with dense breasts, whereas SFM yielded slightly higher detection rates among women older than 64 years with fatty (nondense) breasts (Fig 2a) . Recall rates varied greatly between studies, with much higher rates in the United States than in the European and Japanese studies (Fig 3) . There was marked between-study heterogeneity in differences in recall rates between modalities (I 2 ϭ 94%), with some studies showing significantly lower and others significantly higher recall rates for FFDM; thus, pooled estimates could not be calculated. Similarly, there was marked between-study type heterogeneity in modality differences in the PPV of an abnormal mammogram (I 2 ϭ 100%), with only cohort studies showing a higher PPV for FFDM (Fig 4) and, hence, no pooled estimates were calculated. Some studies (9, (18) (19) (20) (21) presented various recall and PPV estimates for different definitions of abnormal mammograms (eg, before or after consensus meetings) and detected cancers (eg, at initial screening only or during follow-up), but these alternative estimates did not affect the findings shown in Figures 3 and 4 .
Discussion
We found similar cancer detection rates for SFM and FFDM using hard-copy image reading; meta-analysis of published data, along with our UK study findings, showed that FFDM performed, in terms of process measures, at least as well as conventional SFM.
Only two other published studies to our knowledge have compared FFDM with SFM within the context of the daily practice of a routine screening program (21, 22) . Del Turco et al (21) compared FFDM and SFM within a local population-based program in Italy and found a slightly higher cancer detection rate for FFDM, which was particularly marked for cancers that manifested as clustered calcifications (0.26% for FFDM vs 0.12% for SFM; P ϭ .007). Vigeland et al (22) conducted their study within the Norwegian national screening program and reported a higher detection rate for FFDM, which was particularly marked for ductal carcinoma in situ (0.21% for FFDM vs 0.11% for SFM; P ϭ .001).
To our knowledge, our study is the only one to have examined cancer detection rates for FFDM by using hardcopy image reading. Although Yamada et al (9) used hard-copy reading, detection rates could not be estimated, because no cancers occurred during the follow-up period. Pisano et al (19) also used hard-copy images for some of their FFDM systems but these were not analyzed separately. The use of hard-copy image reading in our study was a matter of necessity rather than choice, because at the time, FFDM was still undergoing evaluation by the NHSBSP, and thus FFDM with soft-copy reading had not been incorporated into routine screening. It did, however, obviate some of the difficulties reported by authors of (19, 23) , PPVs are those reported for the BI-RADS scale. For Skaane et al (20) , 2007, PPVs are based on number of cancers diagnosed in initial round, interval, and subsequent screening round among those recalled (after consensus meetings). For Pisano et al (19, 23) data are also presented for certain population subgroups defined by age, menopausal status (PM ϭ pre-or perimenopausal), and breast density.
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Vinnicombe et al other studies, such as use of prototype soft-copy workstations (18) , suboptimal viewing conditions, and learning curve effect (15) . In our study all screening mammograms, whether from SFM or FFDM, were viewed with identical conditions. For the first 18 months of the study, it was not possible to print hard copy of the optimally postprocessed GE Healthcare images ("Premium View"), and FFDM screening images obtained during this period resembled analogue film images. Thus, some cancers may have been missed at FFDM in this group. This did not apply to the hard-copy images from screening mammograms obtained with the Selenia unit (Lorad), which were indistinguishable from the soft-copy images. Very few studies have compared hard-copy and soft-copy reading, but in one analysis of 60 tumors (31 benign, 29 malignant), there was little difference in sensitivity between the two modes, although three of the four readers improved their specificity and PPV with soft-copy image reading (24) . If true, these findings would suggest that hard-copy reading might not have affected the observed cancer detection rates for FFDM but it might have decreased the specificity and PPV of this screening modality, thus leading to an increase in its recall rate (15, 19) . The overall recall rate of 4.5% in our study was well below the NHSBSP target of less than 7% for prevalent screening examinations and 5% for incident screening examinations (4). Recall rates were significantly higher in the FFDM group than the SFM group in two (20, 21) of the three studies (20) (21) (22) that found higher FFDM detection rates, whereas recall rates in our study were very similar for the two modalities. It is possible that the lack of FFDM-SFM difference in detection rates in our study may be partly due to the fact that recall rates were similar for the two modalities. Skaane et al (20) commented in their article that their SFM recall rate was too low; this might have led to an overestimation of the FFDM-SFM difference in detection rates in their study.
Meta-analyses provide an opportunity to identify sources of betweenstudy heterogeneity and, when appropriate, to combine study-specific effects to estimate an overall summary effect across the various studies. Our metaanalysis was consistent with FFDM performing at least as well as conventional SFM. Subgroup analyses by age provided some evidence of FFDM having a slightly higher detection rate than SFM at age 60 years or younger, equivalent to an extra 11 breast cancer cases detected at FFDM per every 10 000 screening examinations, but this finding needs to be confirmed in future studies. Cohort studies, such as ours, are more prone to be affected by confounding than paired studies or large randomized trials. In cohort studies, distinct groups of women underwent FFDM and SFM, with the allocation to screening modality being determined nonrandomly by the women themselves or by the screening program. Thus, women who underwent FFDM might have differed from those who underwent SFM in relation to factors that influence detection rates. Although attempts were made to minimize confounding at the design and analysis stages, one cannot exclude the possibility that the findings from cohort studies might have been affected by residual or unknown confounding. Reassuringly, the meta-analyses found no clear evidence of heterogeneity by study design, particularly in analyses stratified by age. Although meta-analyses are prone to small size effects, including publication bias, the data did not provide any evidence to support this.
In summary, the findings from our UK study and the meta-analysis are consistent with FFDM performing at least as well as conventional SFM for breast cancer screening. Further research is, however, required to assess the economic costs of FFDM and identify the best clinical and cost-effective ways of implementing it. Ͼ
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